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Abstract. Air temperature T) plays a fundamental role in many aspects of e éxchanges between the atmosphere and
ecosystems. Additionally, knowing where (in relatito other essential measurements) and at whaudrey T must be
measured is critical to accurately describing sexthanges. In closed-path eddy-covariance (CPER)dystems;T can be
computed from the sonic temperatufe) @nd water vapor mixing ratio that are measurethbyfast-response sensors of a three-

dimensional sonic anemometer and infrared /8D analyzer, respectivelyT is then computed by use of either
T=T,(1+ 051:1)_1, whereq is specific humidity, off = T,(1+ 0.32¢/ P)'l, wheree is water vapor pressure aRds atmospheric

pressure. Converting ande/P into the same water vapor mixing ratio analyticaktveals the difference between these two
equations. This difference in a CPEC system coe&th +0.18 K, bringing an uncertainty into the aacy of T from both
equations and raising the question of which equnaisobetter. To clarify the uncertainty and to aeswhis question, the
derivation of T equations in terms ofs and HO-related variables is thoroughly studied. The teguations above were
developed with approximations; therefore, neithietheir accuracies was evaluated, nor was the mueanswered. Based on
first principles, this study derives tfieequation in terms ofs and water vapor molar mixing ratig.{) without any assumption
and approximation. Thus, this equation inhererak$ error, and the accuracyTirfrom this equation (equation-computéd
depends solely on the measurement accuracids afid y.... Based on current specifications fiyand y..o in the CPEC300
series, and given their maximized measurement tainges, the accuracy in equation-computed specified within £1.01 K.
This accuracy uncertainty is propagated mainly&X) from the uncertainty ifis measurements and little (+0.02 K) from the
uncertainty iny.o measurements. An improvement in measurement témgies, particularly forTs, would be a key to
narrowing this accuracy range. Under normal seasdrweather conditions, the specified accuracyeas@verestimated, and
actual accuracy is better. Equation-computedas a frequency response equivalent to high-fregu®s and is insensitive to
solar contamination during measurements. Synchednét a temporal scale of measurement frequencynaiched at a spatial
scale of measurement volume with all aerodynamitthermodynamic variables, thishas advanced merits in boundary-layer
meteorology and applied meteorology.

Keywords: Air temperature accurackiigh-frequency air temperature, infrared gas armgilygonic anemometer, turbulent air

temperature.
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1 Introduction

The equation of stat® = pRT, is a fundamental equation for describing all apieeric flows wher® is atmospheric pressure,
p is moist air densityR is gas constant for moist air, amds air temperature (Wallace and Hobbs, 2006) bdandary-layer
flow, where turbulence is nearly always presentpeate representation of the “state” of the atmesplat any given “point” and
time requires consistent representation of spatiditemporal scales for all thermodynamic factér8,@, andT (Panofsky and
Dutton, 1984). Additionally, for observing fluxegstribing exchanges of quantities, such as heataisture between the
earth and the atmosphere, it is critical to knoltrake-dimensional (3-D) components of wind spatthe same location and
temporal scale as the thermodynamic variables (aetuland McNaughton, 1998).

In a closed-path eddy-covariance (CPEC) system34bevind components and sonic temperatlge dre measured by a 3-D
sonic anemometer in the sonic measurement volurae wkich air is sampled through the orifice of afrared HO/CQO,
analyzer (hereafter referred to as infrared analyin¢o its closed-path ¥D/CO, measurement cuvette, where air moisture is
measured by the analyzer (Fig. 1). The flow pressuside the cuvettdP() and the differentialAP) betweenP. and ambient
flow pressure in the sampling location are also susad (Campbell Scientific Inc., 2018c). Atmospbéd®iin the sampling
volume, therefore, is a sum B and4P. P, along with the interndl, is further used for infrared measurements of airstare

(i.e.,pw, H2O density) to calculate the water mixing rai)(inside the cuvette that is also equajion the CPEC measurement

volume, including sonic measurement volume andsainpling location. Finally, th&s andy. from the CPEC measurement
volume, after spatial and temporal synchronizafidarst and Lenschow, 2009), are used to calcuksd tinside this volume.
Two optional equations (Schotanus et al., 1983nt&hiand Gaynor, 1991; see Section 2: Backgrountjctwneed rigorous
evaluation, are available for thi calculation. In summary, the boundary-layer floveasured by a CPEC system has all

variables quantified with consistent representatiérspatial and temporal scales for moist turbudetftermodynamics (i.e.,

state) if the following are available: 3-D wind;measured differentiallyf from an equation; and from P, T, andy...

|

A0
sampling
orifice

measurenient
volume

/ |'.\

Figure 1. Measurement volume for three-dimensiona(3-D) wind and sonic temperature Ts), sampling orifice for H2O molar mixing
ratio (Yw.0), and measurement cuvette fofw.o in CPEC300 series (Campbell Scientific Inc., UT, BA).
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In this paper, the authors: 1) derivelTaequation in terms ofs and . based on first principles as an alternative to the

commonly used equations that are based on apprtgimsa2) estimate and verify the accuracy of tist-principlesT; 3)

assess the expected advantages of the first-plesdipas a high-frequency signal insensitive to solatammation suffered by
conventionall sensor measurements (Lin et al., 2001; BlonguidtBugbee, 2018); and 4) brief the potential appilims of the
derivedT equation in flux measurements. We first provideiamsary of the moist turbulence thermodynamics eftibundary-

layer flows measured by CPEC flux systems.

2 Background

A CPEC system is commonly used to measure bourldgey-flows for the C@ H,O, heat, and momentum fluxes between
ecosystems and the atmosphere. Such a systemipedwith a 3-D sonic anemometer to measure thedspf sound in three
dimensions in the central open-space of the ingnirthereafter referred to as open-space), fronchwban be calculatet and
3-D components of wind at fast response. Integrai¢i this sonic anemometer, a fast-response iedf@nalyzer concurrently

measures Coand HO in its cuvette (closed-space) of infrared measerds, through which air is sampled under pump
pressure while being heated (Fig. 1). The analgagputs the C@mixing ratio (i.e.,Yco:= Pcodpa, Wherepee. is CQ; densityand
pd is dry air density) ang, (i.e., pw/pd). Together, these instruments provide high-frequeeay., 10 Hz) measurements from
which the fluxes are computed (Aubinet et al., JQdt2a “point” represented by the sampling spadh®fCPEC system.

These basic high-frequency measurements of 3-D wpekd,Ts, y., andyce. provide observations from which mean and

fluctuation properties of air, such @s, p, pw, P, @and, hence, fluxes can be determined. For instanater vapor flux is

calculated from,5d W')(\;v , Wherew is vertical velocity of air, and prime indicatdgetfluctuation of the variable away from its

mean as indicated by overbar (e.‘g/.', =W-—W). Given the measurementsyafandP from CPEC systems, and based on the

gas laws (Wallace and Hobbs, 20Q&)js derived from:
_ P

# TR +Rx)

whereRy is gas constant for dry air af] is gas constant for water vapor. In tysq,is equal tQgy., andp is a sum opq and

1)

Ppw. All mentioned physical properties can be derifedin Eq. (1) forpq is acquired.
Additionally, equations for ecosystem exchange #oe require o, (Gu et al., 2012) angp,w (Foken et al., 2012).

Furthermore, due to accuracy limitations in measergs ofw from a modern sonic anemometer, the dry air fluyogiv must

be derived fromp:jwl — PyW (Webb et al., 1980; Lee and Massman, 2011). Becatiis role in flux measurements, a high-
frequency representation pf is needed. To acquire suctpafrom Eq. (1) for advanced applications, high-frageieT in
temporal synchronization with, andP is needed.

In a modern CPEC systef,is measured using a fast-response barometer leuftabmeasurements at a high frequency (e.qg.,
10 Hz, Campbell Scientific Inc., 2018a) and, asuised abovey, is a high-frequency signal from a fast-responseirnd
analyzer (e.g., commonly up to 20 Hz)Tlfs measured using a slow-response sensor, the ittdependent variables in Eq. (1)

do not have equivalent synchronicity in frequenegponse. In terms of frequency respoqsc'pcannot be correctly acquired.
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,Bd derived based on Eg. (1) also has uncertaintypadth it can be approximated from either of the taltowing equations:
B, = P
d -7 _  _ 1\ 1
T(R +Rx.)

and

)

so_ P
° T(R+RJX.)

Eqg. (2) is mathematically valid in averaging ru(8sull, 1988), but the response of the systerfi i®slower than tg, and even

®3)

P, while Eqg. (3) is invalid under averaging rulethaugh its three overbar independent variables lmarevaluated over an

average interval. Consequently, neiti;e‘TW norP, can be evaluated strictly in theory.

Measurements of at high frequency (similar to those at low frequ@nare contaminated by solar radiation, even under
shields (Lin et al., 2001) and when aspirated (QaetiBcientific Inc., 2010; R.M. Young Company, 20@pogee Instruments
Inc., 2013; Blonquist and Bugbee, 2018). Althougheadurally ventilated or fan-aspirated radiatioriekh could ensure the
accuracy of a conventional (i.e., slow-responsejrttometer often within £0.2 K at 0 °C (Harrison d&uft, 2021) to satisfy the
standard for conventiondl measurement as required by the World Meteoroldgiganization (WMO, 2018), the aspiration
shield method cannot acquilleat high frequency due to the disturbance of arnratspn fan and the blockage of a shield to
natural turbulent flows. Additionally, fine wireshe limited applicability for long-term measuremneeint rugged field conditions
typically encountered in ecosystem monitoring.

To avoid the issues above in use of either slowfast-respons& sensors under field conditions, deriviligrom Ts and .,
(Schotanus et al.,, 1983; Kaimal and Gaynor, 19%lan advantageous alternative to the applicatidng an CPEC
measurements and is a significant technology fstrimentation to pursue. In a CPEC systdmijs measured at a high
frequency (e.g., 10 Hz) using a fast-response samégnometer to detect the speed of sound in the-gpece (Munger et al.,
2012), provided there is no evidence of contamamaltly solar radiation. It is a high-frequency signa is measured at the same
frequency as fols using an infrared analyzer equivalent to the samemometer in high-frequency response time (Mal.get
2017). x. reported from a CPEC system is converted from mzpor molar density measured inside the closedepuvette,
whose internal pressure and internal temperatieerare stable thaR andT in the open-space and can be more accurately
measured. Because of this, solar warming and radiaboling of the cuvette is irrelevant, as lorgjveater molar density,
pressure, and temperature inside the closed-spacte are more accurately measured. Thereforegutd be reasonably
expected thal calculated fronTs andy. in a CPEC system should be a high-frequency sigseahsitive to solar radiation.

The first of two equations commonly used to comguteom Ts and air moisture-related variables is given bydiahus et al.
(1983) as:

T=T,(1+05%)", 4)

whereq is specific humidity, defined as a ratio of watapor to moist air density. The second equatiggivien by Kaimal and
Gaynor (1991) as:

-1
T=E@ﬁ03%3 , (5)

wheree is water vapor pressure. Rearranging these twatims gived in terms ofTs andy.. Expressingy in terms ofpy and
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Pw EQ. (4) becomes:

-1 -1
T :TS(1+ 051 P J :TS( 1+ 053 Aw j , ®)
pd + pW 1+ /Yw
and expressing andP using the equation of state, Eq. (5) becomes:
-1 -1
T :TS(1+ 032 T J :TS( 1+ 051 Aw J . @
R,Tp, +RTp, 1+161y,

They.-related terms in the denominator inside parenthasboth equations above clearly reveal thaalues from the sami
andy., using the two commonly used Egs. (4) and (5) molt be the same. The absolute difference in theegaliTe, i.e., the

difference inT between Egs. (4) and (5)] can be analytically egped as:

_ 03T,
° 1+363, + 320¢%

Given that, in a CPEC system, the sonic anemonheteran operational range Ta of —30 to 57 °C (Campbell Scientific Inc.,

8

2018b) and an infrared analyzer has a measureraege inY,, of 0 to 0.045 kghkO kg* (Campbell Scientific Inc., 2018a)Te

ranges up to 0.177 K, which brings an uncertaintgdcuracy of calculated from either Eq. (4) or (5) and raisesduestion of
which equation is better.

Reviewing the sources of Eq. (4) (Schotanus efl8B3; Swiatek, 2009; van Dijk, 2002) and Eq. (Shij, 1932; Barrett and
Suomi, 1949; Kaimal and Businger, 1963; Kaimal &aynor, 1991), it was found that approximation pawres were used in
derivation of both equations, but the approachh® derivation of Eq. (4) (Appendix A) is differefrom that of Eq. (5)
(Appendix B). These different approaches createsgatity between the two commonly used equatiorshasvn in Eq. (8), and
the approximation procedures lead to the contrgvassto which equation is more accurate. The coatgy can be avoided if

the T equation in terms ofs andy, can be derived from th& equation and first-principles equations, if poksilvithout an

approximation and verified against precision measients ofl with minimized solar contamination.

3 Theory

As discussed above, a sonic anemometer measurspebéd of sounct) concurrently with measurement of the 3-D windexpe
(Munger et al., 2012). The speed of sound in thedgeneous atmospheric boundary-layer is define®@doyett and Suomi
(1949) as:
2 P
cC=y— )
yo
wherey is the ratio of moist air specific heat at constaressure @,) to moist air specific heat at constant volun@).(
Substitution of the equation of state into Eq.d®esT as a function of:
2
c
T=—. (10)
R

This equation reveals the opportunity to use meaufor the T calculation; however, both andR depend on air humidity,
which is unmeasurable by sonic anemometry itself; @0) is, therefore, not applicable fércalculations inside a sonic

anemometer. Alternatively, is replaced with its counterpart for dry ajg,[1.4003, i.e., the ratio of dry air specific het



constant pressur€f, 1,004 J K kg?) to dry air specific heat at constant volura( 717 J K! kg)], andRis replaced with its

counterpart for dry airRy, 287.06 J R kg?, i.e., gas constant for dry air). Both replacermantke the right side of Eq. (10)

becomec?ysRy, which is no longer a measure & However,ys and Ry are close to their respective valuesy@id R in

magnitude, and, after the replacements, the riglg of Eq. (10) is defined as sonic temperaturg, @iven by (Campbell
165 Scientific Inc., 2018b):

2
T, = CRd . (11)
Va

Comparing this equation to Eq. (10), givenif air is dry, T must be equal tds, therefore, the authors define thasoriic

temperature of moist air isthe temperature that its dry air component reaches when moist air has the same enthalpy.” Since both
yaandRy are constants, argis measured by a sonic anemometer and correateddsswind effect inside the sonic anemometer
170 based on its 3-D wind measurements (Liu et al.12@@ou et al., 2018), Eq. (11) is used insidedperating system of modern

sonic anemometers to repdgtinstead ofT.
Equations (9) to (11) provide a theoretical basifrst principles to derive the relationship 6o Ts andy.. In Eq. (9),y and
p vary with air humidity, and? is related t@ as described by the equation of state. Conseguémé derivation off from Ts and

X for CPEC systems needs to address the relation$hip, andP to air humidity in terms of..

175 3.1 Relationship ofy to yu

For moist air, the ratio of specific heat at consfaressure to specific heat at constant volume is:
—p
y="2, (12)

whereC, varies with air moisture betwe&hq andC,, (water vapor specific heat at constant pressyég21) kgt K1), It is the
arithmetical average @@y andCp weighted by dry air mass and water vapor maspentisely, given by (Stull, 1988; Swiatek,
180 2009):

- delod + prpw

) (13)
Pt Py
Based on the same rationdl®,is:
+
Cv - Cvdpd vapw , (14)

Pyt Py
whereC,y is the specific heat of water vapor at constatume (1,463 J kd K2). Substituting Egs. (13) and (14) into Eq. (12)
185 generates:

1+(C,, /Co )Xo
1+ (va/Cvd )Xw '

Y=V (15)

3.2 Relationship ofP/p to y

AtmosphericP is the sum oPgy ande. Similarly, p is the sum opq andpw. Using the equation of state, the ratidPdo p can be

expressed as:
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)
)1+
P_RTp +RTp, _ " (+RdXW |

(16)
P Py T Pu 1+ X,
In this equation, the ratio &, to Ry is given by:

Ry R / My Mw/ My
whereR’ is the universal gas constaMy, is the molecular mass of water vapor (18.0153 kglR), andMy is the molecular

mass of dry air (28.9645 kg kmYl The ratio ofM,, to My is 0.622, conventionally denoted bySubstituting Eq. (17), after its

denominator is represented fyinto Eq. (16) leads to:

P_RT(e+x)

18
e 1+ x,) 49

3.3 Relationship ofTsto T and yw

Substituting Egs. (15) and (18) into Eq. )is expressed in terms &fandyy., along with atmospheric physics constants:

2 _ RdVdT(e+)(W)[1+(CpW/de ))(W] |

c (29)
£(1+ Xw)[1+ (va/Cvd )Xw]
Further, substituting? into Eq. (11) generates:
T.=T (£+XW)[1+(CPW/C"“)XW], (20)
&1+ )| 1+ (Cos/Cua) X

This equation (20) now expressésin terms ofT of interest to this studyy, measured in CPEC systems, and atmospheric
physics constants (i.e., Cow, Cpd, Cow, andCua).
3.4 Air temperature equation

Rearranging the terms in Eq. (20) results in:
‘9(1+ /Yw)[1+ (va/Cvd )/Yw]
" (e+ )1+ (Cou/Cos ]

This equation shows that is a function ofTs and ., that are measured at high frequency in a CPEGmsydty a sonic

T=

(21)

anemometer and an infrared analyzer.

A CPEC system outputs water vapor molar mixingoré@ampbell Scientific Inc., 2018a) commonly usedhie community

of eddy-covariance fluxes (AmeriFlux, 2018). Théatien of water vapor mass to molar mixing ragi@.{ in molHO mol?) is

given by:
I\/IW —_

Xw = An,0 = &Xn,0- (22)
My

Substituting this relation into Eq. (21) and dengtCvw/Cvd with y, = 2.04045 and:pW/de with yp = 1.94422, Eq. (21) is
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expressed as:

(14 X0 )1+ ¥ X0
) (1+ XHZO)(1+ gprHZO)

: (23)

This is the air temperature equation in term3dndy..o for use in CPEC systems. It is derived from a tegcal basis of first
principles (i.e., Egs. 9 to 11). In its derivati@xcept for the use of the equation of state aritbB'a law, no other assumptions
nor approximations are used. Therefore, Eq. (23niexact equation df in terms ofTs and y..o for the turbulent air flow

sampled through a CPEC system and thus avoidsatigogersy in use of Eqgs. (4) and (5) arising frapproximations, as

shown in Appendices A and B. Therefofecomputed from this equation (hereafter referreds@quation-computefy should

be accurate, as long as the value$s@indy;.. are exact.
For this study, howeveiTs and y..o are measured by the CPEC systems deployed inighe tnder changing weather
conditions through four seasons. Their measureaegainust include measurement uncertaintlsirenoted byfTs, and iNyi.o

as well, denoted byty..o. The uncertainties|Ts and/ordy..o, unavoidably propagate to create uncertainty uraégn-computed

T, denoted byiT, which makes an exagtimpossible. In numerical analysis (Burden anddsif.993) or in statistics (Snedecor
and Cochran, 1989), any applicable equation reguhie specification of an uncertainty term. Thamfdhe equations for
should include a specification of their respectiveertainty expressed as the bounds (i.e., thermami and minimum limits)
specifying the range of the equation-compuiethat need to be known for any application. Accogdio the definition of
accuracy that was advanced by the Internationah@zgtion for Standardization (2012), this uncetiarange is equivalent to

the “accuracy” of the range contributed by bothtesymtic errors (trueness) and random variabilitg¢sion). ApparentlygTs
is the accuracy ofs measurements, andly..c is the accuracy of..o measurements. Both should be evaluated from their
measurement uncertainties, respectively. The acgucd equation-computed is AT. It should be specified through its

relationship tadTs and4io.

3.5 Relationship ofAT to 4Ts and 4.0

As measurement accuracietls and4y..o can be reasonably considered as small incremangsdalculus sense. As such,

depending on both small incremem3, is the total differential of with respect td's andyu.o, given by:

AT=T AT+ T py (24)
aT H,0

The two partial derivatives in the right side ofstequation can be derived from Eq. (23). Substiguthe two partial derivatives

into this equation leads to:

R P v (14 26x00)  Ltey, (14 200)

T, (1+ exuo 1+ &rukuo)  (1F Xuo )1+ &Ko

) Dy o- (25)

This equation indicates that in dry air WhEr Ts, AT is equal tadTs if w0 is measured accurately (i.8yw.o = 0 while Yo =
0). However, air in the atmospheric boundary-laybere CPEC systems are used is always moist. GiverquationdT atTs

and yw.o can be evaluated by usimls and dy..0, both of which are related to the measurementifpetions of sonic

anemometers fofs (Campbell Scientific Inc., 2018b) and of infraradalyzers foy..o (Campbell Scientific Inc., 2018a). Sonic
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anemometers and infrared analyzers with differepdefs and brands have different specifications ftloeir manufacturers. The
manufacturer of the anemometer we studied emplagsoo fiber with minimized thermo-expansion andntcaction for sonic
strut stability (via personal communication with &S structural designer Antoine Rousseau, 2021)jcstiral design with
optimized sonic volume for less aerodynamic disade (Fig. 1); and advanced proprietary sonic fiamesfor more accurate
measurements (Zhou et al. 2018), which reducesahiability of Ts by several Kelvin compared to what has been reddur
sonics from other models (Mauder and Zeeman, 2@48).combination of sonic and infrared instrumends la combination of
the ATs and4y..0, which are specified by their manufacturers. Imtdrom Eg. (25), the combination generatdsof equation-
computedT for the corresponding combination of the sonic arfchred instruments with given models and brarfderefore,
Egs. (23) and (25) are applicable to any CPEC sy$teyond our study brand. The applicability of E2B) for any sonic or
infrared instrument can be assessed basetT @ygainst the requireflaccuracy for a specific application.

In the right side of Eq. (25), the first temith 4Ts can be expressed a‘sTTS (i.e., uncertainty portion AT due to4Ts), and

the second term withly..c can be expressed AQ'XH , (i.e., uncertainty portion of T due tody..). Using AT, and AT)(H o
2 S 2

this equation can be simplified as:

AT = AT, +AT, . (26)

Assessment of the accuracy of equation-compliiedo evaluat@&T, and AT)(H o correspondingly fromd Ts and4io.
S 2!

4 Accuracy

The CPEC system for this study is CPEC310 (Campba#ntific Inc., UT, USA), whose major componeate a CSAT3A
sonic anemometer (updated version in 2016) for fasponse to 3-D wind anti, and an EC155 infrared analyzer for fast
response to D along with CQ (Burgon et al., 2015; Ma et al., 2017). The systgarates in d range of —30 to 50 °C and

measureg.. in a range up to 79 mmojB mof! (i.e., 37 °C dew point temperature at 86 kPa unusmufacturer environment);
therefore, the accuracy of equation-compufedepending orl Ts and4y«.o, should be defined and estimated in a domain over

both ranges.

4.14Ts (Measurement accuracy inTs)

As is true for other sonic anemometers (e.g., @8truments, 2004), the CSAT3A has not been asdigrie measurement
performance (Campbell Scientific Inc., 2018b) beeathe theories and methodologies of how to spétifyperformance, to the
best of our knowledge, have not been clearly ddfiriehe performance of the CSAT series Taris best near production
temperature around 20 °C and drifts a little awaymf this temperature. Within the operational ranf@ CPEC system in

ambient air temperature, the updated version of T3Ahas an overall uncertainty of +1.00 °C (i{g.‘rs‘ <100 K, Via personal

communication with CSAT authority Larry Jacobsermtigh email in 2017 and in person in 2018).

4.2 Ay+.0 (Measurement accuracy inyi:o)

The accuracy in BD measurements from infrared analyzers depends aipalgzer measurement performance. This performace
is specified using four component uncertaintiesprBcision variability §..0), 2) maximum zero drift range with ambient air
temperature dyz), 3) maximum gain drift with ambient air temper&ud..qx..0, Whered,.o is gain drift percentage), and 4)

cross-sensitivity to CO(s;) (LI-COR Biosciences, 2016; Campbell Scientific.ln2018c). Zhou et al. (2021) composited the
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four component uncertainties as an accuracy mamtehdlated as the 4 accuracy equation for CPEC systems applied in

ecosystems, given by:

DX, o =% 1960, , + 58% |+

|dye| * O 0 g X0 y {Tc -T T,>T>T, o

Trh_TrI T_Tc TC<T<Trh
whereT. is ambient air temperature at which an infrarealyaer was calibrated by the manufacturer to $itwbrking equation

or zeroed/spanned in the field to adjust the zain/grift; subscriptsh andrl indicate the range-highest and -lowest values,

respectively; and, andT; are the highest- and loweEtrespectively, over the operational range of CRE&ems inT. Given

the infrared analyzer specificationsio, S, 0wz dHe0 g, Tri @nd Trn, this equation can be used to estimdte. in Eq. (25) and

eventually folAT . In Eq. (26) over the domain Gfandy.o.
H2!

4.3AT (Accuracy of equation-computedT)

The accuracy of equation-computédan be evaluated usinffs anddy..o (Eq. 25), varying witT, Ts, andy.zo. Both T andTs

reflect air temperature, being associated with edhbr throughy..o (Eq. 23). Giveryw.o, T can be calculated froffs, and vice

versa; therefore, for the figure presentationsis study, it is sufficient to use eith€mwor Ts, instead of both, to shodT with air

temperature. Consideringto be of interest to this study,will be used. As suchT can be analyzed over a domainToand
o Within the operational range of CPEC system$ from —30 to 50 °C across the analyzer measurena@ge ofy..o from 0
to 0.079 molHO mol™.

To visualize the relationship aofT with T andy..o, 4T is presented better as ordinate aldras abscissa associated vyth.

However, due to the positive dependence of air madpor saturation of (Wallace and Hobbs, 2006)..c has a range that is
wider at higherT and narrower at lowef. To presendT over the same measure of air moisture, even #reift T, the
saturation water vapor pressure is used to scalaaisture to 0, 20, 40, 60, 80 and 100 (i.e., RHgative humidity in %). For
each scaled RH valug,.c can be calculated at differehtandP (Appendix C) for use in Eq. (25)n this way, over the range of

T, the trend o T due to each measurement uncertainty source cahdwen along the curves with equal RH as the measfure

air moisture (Fig. 2).
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Figure 2: Accuracy of air temperature computed fromEq. (23) (equation-computedT) over the measurement range of KD molar
mixing ratio (x+.0) within the operational range of T for the CPEC300 series (Campbell Scientific Inc.UT, USA): a. Accuracy
component of equation-computedT due to sonic temperature Ts) measurement uncertainty; b. Accuracy component oéquation-
computedT due toxx.0 measurement uncertainty; and c. Overall accuracy foequation-computedT.



4.3.1 AT, (Uncertainty portion of AT due to4Ty)

GivenATs = £1.00 K andTs from the algorithm in Appendix CAT; in Eq. (26) was calculated over the domainTadnd yi..o

310 (Fig. 2a). Over the whol@ range, thé\T, limits range +1.00 K, becoming a little narrowertiwj..o increasing due to a
decrease, at the sarifig in the magnitudd/Tsin Eqg. (25). The narrowest limits @T. , in an absolute value, varies <0.01 K

over the range of below 20 °C, although >0.01 K but <0.03 K above’20
4.3.2 AT)(H . (Uncertainty portion of AT due to4 o)
2

Given ..o from the algorithm in Appendix @nd4y... from Eq. (27),ATXH ,,was calculated over the domainToéndy;.o (Fig.

315 2b). The parameters in Eq. (27) are given throinghspecifications of the CPEC300 series [Campbztific Inc., 2018a;
2018c: 0w is 6.0x16° molHO mot?, where mol is a unit for dry aidy,, +5.0x16 molH;O motY; duo ., 0.30%:;s;, +5.0x108
molH2O mof* (umolCQ, mol?)L; T, 20 °C as Normal Temperature (Wright et al., 2003)—30 °C; andh, 50 °C].

As shown in Fig. ZtATXHZO tends to be smallest @t= T.. However, away fronT, its range nonlinearly becomes wider, very

gradually widening below¢ but widening more abruptly above, because, asdemtyre increaseg,.o at the same RH increases
320 exponentially (Egs. c1 and c5 in Appendix C), whijg.o increases linearly witf..o in Eq. (27). This nonlinear range can be

summarized to be +0.01 K below 30 °C and +0.02 &va30 °C. Compared taT, , AT)(H 5 is much smaller at two orders in
s 2

magnitude.AT, is a larger component HfiT.

4.3.34T (Combined uncertainty as the accuracy in equatiomwomputedT)

Equation (26) is used to determine the maximum éoetbuncertainty in equation-computé&dor the same RH grade in Fig. 2

325 Dby adding together the same sign (i.e., +/-) culai ofATTS in Fig. 2a andAT)(H . in Fig. 2b.4T ranges at different RH

grades are shown in Fig. 2c. Figure 2c¢ specifiesattturacy of equation-comput&dt 101.325 kPa (i.e., Normal Atmospheric
Pressure as used by Wright et al. [2003]) over pthe measurement range to be within £1.02 K. This amzyrfor high-

frequencyT is currently the best in turbulent flux measuretmbecause +1.00 K is the best in accuracysdfom the individual

sonic anemometers which are widely used for sem$ibat flux in almost all CPEC systems.

330 4.4 Accuracy of equation-computed from CPEC field measurements

Equation (23) is derived particularly for CPEC &yss in whichTs andy..o are measured neither at the same volume nor at the
same time. Both variables are measured separadelg @ sonic anemometer and an infrared analyzarspatial separation
between thds measurement center and jhe measurement cuvette (e.g., Fig. 1), along witknaporal lag in the measurement
of yuo relative toTs due to the transport time and phase shift (Ibrowl.e2007) of turbulent air flows sampled faso through

335  the sampling orifice to the measurement cuvettg. (8.
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Figure 3: Vortex intake system for air flow through its individual compartments: Air whirling room (2. 200 mL), sampled air passage

(1.889 mL), thermal equilibrium channel (0.587 mL), and yw.o measurement cuvette (5.887 mL). The internal spacef all
compartments adds up to a total volume of 10.563 mL

340 Fortunately, the spatial separation scale is oft¢hs of centimeters, and the temporal lag scabé flse tens of milliseconds.
In eddy-covariance flux measurements, such a separanisses some covariance signals at higher &gy which is
correctable (Moore, 1986), and such a lag dimirsighe covariance correlation, which is recoverglieom et al., 2007). How
such a separation along with the lag influencesatt®uracy of Eq. (23), as shown in Fig. 2, needin@g against precision
measurements of air temperature. The two advantagbe equation-computelidiscussed in the introduction, namely the fast

345  response to high-frequency signals and the inseitgito solar contamination in measurements, wsiedied and assessed

during testing when a CPEC system was set up irCmapbell Scientific Instrument Test Field (41.8°1.1.9° W, 1,360 m
asl, UT, USA).

5 Materials and methods

5.1 Field test station

350 A CPEC310 system was set as the core of the st@ti@f18. Beyond its major components briefly disat in Section 4, the
system also included a barometer (model: MPXAZ61#&escale Semiconductor, TX, USA) for flow presspump module
(SN: 1001) for air sampling, valve module (SN: 1P@3 control flows for auto zero/span g€@nd HO, scrub module (SN:
1002) to generate zero air (i.e., without £&hd HO) for auto zero procedure, a €€ylinder for CQ span, and an EC100
electronic module (SN: 1002, OS: Rev 07.01) to m@rand measure a CSAT3A, EC155, and barometeurin the EC100 was
355  connected to, and instructed by, a central CR6 IBgg@r (SN: 2981, OS: 04) for sensor measuremelats, processing, and
data output. In addition to receiving the data atitftom the EC100, the CR6 also controlled the purgdve, and scrub
modules and measured other micrometeorologicabseirs support of this study.
The micrometeorological sensors included a LI-2§fapometer (SN: 18854, LI-COR Biosciences, NE, U$&)monitor
incoming solar radiation, a precision platinum s&sice temperature detector (RTD, model: 41342, T825360) inside a fan-
360 aspirated radiation shield (model: 43502, R.M. Ygp@ompany, MI, USA) to more accurately measureTttwnsidered with
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minimized solar contamination due to higher faniaion efficiency, and an HMP155A temperature andidity sensor (SN:
1073, Vaisala Corporation, Helsinki, Finland) iresial 14-plate wind-aspirated radiation shield (modi#D05) to measure the
under conditions of potentially significant solantamination during the day due to low wind-asparaiefficiency. The sensing
centers of all sensors relatedlipT, and RH were set at a height of 2.57 m above gréevel. The land surface was covered by
natural prairie with a grass height of 5 to 35 cm.

A CR6, supported by EasyFlux-DL-CR6CP (Revised ieergor this study, Campbell Scientific Inc., UT S), controlled
and sampled the EC100 at 20 Hz. For spectral asalpe EC100 filtered the data ©f andy.o for anti-aliasing using a finite
impulse response filter with a 0-to-10 Hz (Nyqddting frequency) passing band (Saraméaki, 1998k EC155 was zeroed for
CO,/H20 and spanned for G@utomatically every other day and spanned g Irhonthly using a LI-610 Portable Dew Point
Generator (LI-COR Biosciences, NE, USA). The LI-260rD, and HMP155A were sampled at 1 Hz becaustheif slow
response and the fact that only their measuremeahmwere of interest to this study.

The purpose of this station was to measure the-eddsriance fluxes to determine turbulent transhershe boundary-layer
flows. The air temperature equation (i.e., Eq. @@p developed fol of the turbulent air flows sampled through the CPE
systems. Therefore, this equation can be testeddbas how the CPEC310 measures the boundary-l&ywes frelated to

turbulent transfer.

5.2 Turbulent transfer and CPEC310 measurement

In atmospheric boundary-layer flows, air constitsealong with heat and momentum (i.e., air propsjtiare transferred
dominantly by individual turbulent flow eddies wittarious sizes (Kaimal and Finnigan, 1994). Anypaoperty is considered to
be more homogenous inside each smaller eddy ane ineterogenous among larger eddies (Stull, 1988 @ this
heterogeneity, an eddy in motion among othersaasfierring air properties to its surroundings. €hane, to measure the
transfer in amount and direction, a CPEC system desfgned to captur®, yw.o, and 3-D flow speeds from individual eddies.
Ideal measurements would be fast enough to capaitepugh impossible, all eddies with different esizthrough the
measurement volume and sampling orifice of the CBY&Tem (Fig. 1). To capture more eddies of as ns@®g as possible, the
CPEC measurements were set at a high frequencid£2@ this study) because, given 3-D speeds, thalemthe eddy, the
shorter time said eddy takes to pass the sens@uraaent volume.

Ideally, each measurement captures an individualy efdr all variables of interest so that the meeaduwalues are

representative of this eddy. So, for instance, un effort to computel from a pair ofTs and y..0, the pair simultaneously

measured from the same eddy could better refledt &t the measurement time; however, in a CPEC sysleand y..o are

measured with separation in both space (Fig. 1)tiamal (Fig. 3).

If an eddy passing the sonic anemometer is sigmiflg larger than the dimension of separation betwiheTs measurement

volume and thgw.o sampling orifice (Fig. 1), the eddy is instantanglp measured for its 3-D wind afidin the volume while

also sampled in the orifice for.o measurements. However, if the eddy is smallerflawgs along the alignment of separation,
the sampling takes place either a little earlielater than the measurement (e.g., earli@i is measured later, and vice versa).
However, depending on its size, an eddy flowingdmelythe alignment from other directions, althougkasured by the sonic
anemometer, may be missed by the sampling orifigsed by other eddies and, in other cases, alttgarghled by the orifice,

may be missed by the measurement of the sonic aneteo

Additionally, the air flow sampled far..o measurements is not measured at its sampling dimehe sampling orifice, but

instead is measured, in lag, inside fhe measurement cuvette (Fig. 3). The lag depend$i@nirne needed for the sampled
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flow to travel through the CPEC sampling systeng(RB). Therefore, for the computation Bfy..c is better synchronized and

matched withls as if simultaneously measured from the same eddy.

5.3 Temporal synchronization and spatial match foiTs with yi-o

In the CPEC310 system, a pair ifandy..o that were received by CR6 from EC100 in one datamd (i.e., data row) were
synchronously measured, through Synchronous Deaicdleasurement Communication Protocol (Campbele@dic Inc.,

2018c), in thels measurement volume and. measurement cuvette (Fig. 1). Accordingly, withime data row of time series
received by CR6y.oc was sampled earlier thaih was measured. As discussed abdweand ..o in the same row, although

measured at the same time, might not be measwetdtfre same eddy. If so, the, measurement from the same eddy of This
might occur in another data row, and vice versany case, a logical procedure for a synchronizattimis first to paifls with

X0 Programmatically in CR6, as the former was meabatéhe same time as the latter was sampled.

5.3.1 SynchronizeTs measuredto ..o sampled at the same time

Among the rows in time series received by CR6, vty consecutive rows were measured sequentialyfated time interval
(i.e., measurement interval). Accordingly, anema@nefata in any data roean be synchronized with analyzer data in a later
row from the eddy sampled by the analyzer samgiiifice at the measurement time of the sonic aneatemHow many rows
later depends on the measurement interval andithe length of the analyzer sample from its samplordice to the
measurement cuvette. The measurement interval coiyni® 50 or 100 ms for a 20- or 10-Hz measurenfeequency,
respectively. The time length is determined by ititernal space volume of sampling system (Fig. i&) the flow rate of
sampled air driven by a diaphragm pump (Campbédiriific Inc., 2018a).

As shown in Fig. 3, the total internal space isS&8.mL. The rate of sampled air through the samgptiystem nominally is
6.0 L mirt* at which the sampled air takes 106 ms to trawehfthe analyzer sampling orifice to the cuvetteamsh outlet (Fig.
3). Given that the internal optical volume insitie tuvette is 5.887 mL, the air in the cuvette sampled during a period of 47
to 106 ms earlier. Accordingly, anemometer data aurrent row of time series should be synchronizithl analyzer data in the
next row for 10-Hz data and, for 20-Hz data, the edter that. After synchronization, the CR6 stcmaemometer and analyzer

data in a synchronized matrix (variables unreldbeithis study were omitted) as a time series:
u(ti) V(ti) W(ti) Ts (ti) ds(ti) XHZO (ti) dg (ti) S(ti) ! (28)

whereu andv are horizontal wind speeds orthogonal to eachrptiés vertical wind speed)s anddy are diagnosis codes for
sonic anemometer and infrared analyzer, respegtigds analyzer signal strength for® t is time, and its subscriptis its
index; and the difference betwegrandti.1 is a measurement intervalt(= ti+1— t;). In any row of the matrix (28) (e.g., thi&
row), ti for anemometer data is the measurement time pisument lag, antl for analyzer data is the sampling time plus the
same lag. The instrument lag is defined as the enrmbmeasurement intervals used for data proagssside EC100 after the

measurement and subsequent data communication @ GBgardless of instrument lads and yw.o in each row of

synchronization matrix were temporally synchroniasdneasured and sampled at the same time.
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5.3.2 MatchTs measuredto y+.o sampled from the same eddy

As discussed in Section 5.2, at eitilgrmeasurement orw.o sampling time, if an eddy is large enough to eselbothTs
measurement volume agto, sampling orifice (Fig. 1)Ts andy..c in the same row of the synchronization matrix (28jong to
the same eddy; otherwise, they belong to diffeesitties. For any eddy size, it would be idedlsitould be spatially matched
with y..0 as a pair for the same eddy; however, this matmhidwnot be possible for alk values simply because, in some cases,
an eddy measured by the sonic anemometer might hbeveampled by thg..o sampling orifice, and vice versa (see Section
5.2). RealisticallyTs may be matched with..o overall with the most likelihood to as many paisspossible for a period (e.g., an
averaging interval).

The match is eventually to lag eith®yor y..o, relatively, in the synchronization matrix (28)aéllag can be counted as an
integer numberl{ subscripts indicates the spatial separation causing lag) éasarement intervals, whelgis positive if an
eddy flowed through th& measurement volume earlier, negative if latezeyp if through the..o sampling orifice at the same

time. This number is estimated through the covagamaximization (Irwin, 1979; Moncrieff et al., I89brom et al., 2007;
Rebmann et al., 2012). Accordingltcover an averaging interval, the data columns efitfirared analyzer over an averaging
interval in the synchronization matrix (28) canrbeved together uR rows as positive, dowis rows as negative, or nowhere as

zero to form a matched matrix:
uct) v(t) w(t) To(t) do(t) Xuo(t) dgti) s(t) |- (29)

For details on how to fintk, see EasyFlux-DL-CR6CP on https://www.campbelieen. In the matched matrix (29), over an
averaging interval, a pair @t andy.w.o in the same row can be assumed to be matchedresmgured and sampled from the same
eddy.

Using Eq. (23), the air temperature now can be edatpusing:

[1+ X0 (ti+'s)][1+ EVyXn,0 (ti+ls)]
[1+ X0 (ti+'s)][1+ & X0 (ti+ls)] ’

T, =T(t) (30)

where subscripts for t indicates that spatially lagged.o is used for computation of. In verification of the accuracy of
equation-computed and in assessments on its expected advantagéghefréquency signal insensitive to solar contarioma

in measurementsT, ; could minimize the uncertainties due to the spagglaration in measurementslgfandy..o between the

Ts measurement volume and the sampling orifice (Fig. 1).

6 Results
6.1 Verification of the accuracy of equation-compued T

The accuracy of equation-comput&dwas theoretically specified by Eqgs. (25) to (2Ap avas estimated in Fig. 2c. This
accuracy specifies the range of equation-computedsrirueT (i.e.,4T). However, truél was not available in the field, but, as
usual, precision measurements could be considenechimarks to represent trlieln this study,T measured by the RTD inside

a fan-aspirated radiation shieltk{p) was the benchmark to compute (i.e., equation-computed minusTgm). If almost allaT
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values fall within the accuracy-specified rangercwveneasurement domain dfandy..o, the accuracy is correctly defined, and

the equation-computelis accurate as specified.

To verify that the accuracy over the domain isaagé as possiblelT values in the coldest (January) and hottest (Jubths
were used as shown in Fig. 4 (-Z1 < T < 35.5°C, andy up to 20.78 mmolkD mol! in a 30-minute mean over the two
months). Out of 2,974T values from both months, 44 values fell out ofcéjied accuracy range but were near the range line
within 0.30 K. ThedaT values were 0.549 + 0.281 K in January and 0.486290 K in July. Although these values were almost
all positively away from the zero-line due to eitlmwerestimation foifs by the sonic anemometer within +1.00 K accuracy or
underestimation fofrmp by the RTD within £0.20 K accuracy, the rangessgaificantly narrower than the specified accuracy
range of equation-computddFigs. 2c and 4).

It is common for sonic anemometers to have a syaie error inTs to be +0.5 °C or a little greater, which is thasen that
the Ts accuracy is specified by Larry Jacobsen (anemanatthority) to be +1.0 °C for the updated CSAT3he fixed
deviation in measurements of sonic path lengthsserted as a source for biagofZhou et al., 2018). This bias brings an error
to equation-computed. If the T equation were not exact as in Egs. (4) and (®)ethvould be an additional equation error. In
our study effort, this bias from fixed deviationgsibly is around 0.5 °C. With this bias, the equatitomputedr is still accurate
as specified by Egs. (25) to (27), and even better.
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Figure 4: The error of equation-computedT in the coldest (January) and hottest (July) monthof 2019 in Logan, UT, USAAT is
equation-computed minus RTD-measured’, where RTD is a precision platinum resistance temgrature detector inside a fan-aspirated
radiation shield. 4T: 0.549 + 0.281 K in January and 0.436 + 0.290 K ifuly. See Fig. 2c for the accuracy range.

6.2 Assessments of the advantages of equation-cortgaiT

As previously discussed, the data stream of equationputedT consists of high-frequency signals insensitivestgar
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contamination in measurements. Its frequency respaan be assessed against known high-frequenagisigf Ts, and the
insensitivity can be assessed by analyzing thetiquieomputed, RTD-measured, and sensor-meadyreldere the sensor is an

HMP155A inside a wind-aspirated radiation shield.

6.2.1 Frequency response

The matched matrix (29) and Eq. (30) were used)mprute'l'Isi (i.e., equation-computetl). Paired power spectra of equation-

computedl andTs are compared in Fig. 5 for three individual twashperiods of atmospheric stratifications, inclglimstable
(zZIL = -0.313 ~ -2.999, whereis a dynamic height of measurement minus displacereight and. is the Monin-Obukhov
length), near-neutrakiL = —-0.029 ~ +0.003) and stabl#l(= +0.166 ~ +0.600). Slower response of equationgmdedT than
Ts at higher frequency (e.g., >5 Hz) was expectedhbs equation-computél is derived from two variablesT{and o)
measured in a spatial separation, which attentla¢eequency response of correlation of two mesbwariables (Laubach and
McNaughton, 1998), ang..c from a CPEC system has a slower responseThanfrequency (Ibrom et al., 2007). However, the
expected slower response was not found in thisystimdunstable and stable atmospheric stratificeti(Figs. 5a and 5c), each
pair of power spectra almost overlap. Although tdeynot overlap in the near-neutral atmospheriatiftration (Fig. 5b), the
pair follow the same trend slightly above or belome another. In the higher frequency band of 1012 in Figs. 5a and 5b,
equation-computed has a little more power thdR. The three pairs of power spectra in Fig. 5 indidhat equation-computed
T has a frequency reponse equivalenTdaip to 10 Hz, with a 20-Hz measurent rate consiiénebe a high frequency. The

equivalent response might be accounted for by armrhrole ofTs in the magnitude of equation-compufed
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Figure 5: Paired comparisons of power spectra forguation-computed air temperature () and sonic temperature Ts) at each of three
atmospheric stratifications: unstable (a), near-netral (b), and stable (c).T+1 and T-z are equation-computedT from Ts and the HO
505 mixing ratio of air sampled by the CPEC system thragh its sampling orifice in 1 lag (50 ms behind) ahin -3 lags (150 ms ahead) dfs
measurement; z is the dynamic height of measurement minus displament height; L is Monin-Obukhov length;
Srs(f)' sr'l(f)and Su(f) are the power spectra off's, T+1, and Tz at f; and UTZS, 0’%1, andaT2_3 represent the variance ofTs, T+1, and T-s.
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6.2.2 Insensitivity to solar contamination in measements

The data of equation-computed, sensor-measuredR@abdmeasured in July, during which incoming solar radiatioRs) at

the site was strongest in a yearly cycle, are usedssess the insensitivity of equation-compufedrrom the datadT is
considered to be an error of equation-computedhe error of sensor-measuréctcan be defined as sensor-measured minus
RTD-measured, denoted byl Ty From Fig. 64T (0.690 + 0.191 K) is 2Tm (0.037 + 0.199 K) wheRs < 50 W m? at lower
radiation. HoweverdT (0.234 + 0.172 K) is <Tm (0.438 + 0.207 K) whefs > 50 W n¥ at higher radiation. This difference

betweerdT andATy, shows a different effect & on equation-computed and sensor-measitired
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Figure 6: Errors in equation-computed and sensor-masured air temperature (T) with incoming solar radiation. AT is equation-
computed minus RTD-measuredT, where RTD is a precision platinum resistance tengrature detector inside a fan-aspirated
radiation shield. 4Tm is sensor-measured minus RTD-measured, where the sensor is an HMP155A air temperature ahhumidity

probe inside a wind-aspirated radiation shield.

As shown in Fig. 64T, increases sharply with increasiRgfor R < 250 W n?, beyond which it asymptotically approaches
0.40 K. In the range of lowd®s, atmospheric stratification was likely stable (#al and Finnigan, 1994), under which the heat
exchange by wind was ineffective between the wisigirated radiation shield and boundary-layer flolmsthis case, sensor-
measured was expected to increase withincrease (Lin et al., 2001; Blonquist and Bugi#84,8). Along withRs increase, the
atmospheric boundary-layer develops from stableeotral or unstable conditions (Kaimal and Finniga894). During the
stability change, the exchange becomes increasinghe effective, offsetting the further heatingnfr&s increase on the wind-
aspirated radiation shield as indicated by theassdanptote portion in Fig. 6. Compared to #1g, mean(0.037 K) whileRs < 50
W m?2, the magnitude of the asymptote above the methe isverestimation of sensor-measufatlie to solar contamination.

However, 4T decreases asymptotically from about 0.70 K towssb with the increase iRs from 50 to 250 W m and
beyond, with a more gradual rate of change tian at the lower radiation range. Lowgk (e.g., < 250 W ) concurrently
occurs with lowerT, higher RH, and/or unfavorable weatherTtomeasurements. Under lowé&r(e.g., below 20C of normal
CSAT3A manufacturing conditions), the sonic pathgths of CSAT3A (Fig. 1) must become, due to theoootraction of
sonic anemometer structure, shorter than those #.2As a result, the sonic anemometer could ovenest the speed of sound

(Zhou et al., 2018) and, hendr,for equation-computed, resulting in greates T with lower Rs. Under higher RH conditions,



dew may form on the sensing surface of the six C&A%onic transducers (Fig. 1). The dew, along witiflavorable weather,
535  could contaminate th& measurements, resulting in greatdrin magnitude. HigheRs (e.g., > 250 W m) concurrently occurs
with weather favorable tds measurements, which is the reason tiaslightly decreases rather than increases RjtwhenRs
> 250 W n?.
Again from Fig. 6, the data pattern#f > ATy in the lowerRs range andiT < ATy in the highelRs range shows that equation-
computedT is not as sensitive & as sensor-measur@d The decreasing trend o with Rs increase shows the insensitivity of
540 equation-computed to Rs. Although the purpose of this study is not pafticy to eliminate solar radiation contamination,

equation-computed is indeed less contaminated by solar radiatioshasvn in Fig. 6.

7 Discussion
7.1 Actual accuracy

The range oAAT curves for each RH level in Fig. 2 is the maximunthat level because the data were evaluated ubing
545 maximized measurement uncertainties from all seurdecordingly, in field applications under weathfavorable toTs
measurements, the range of actual accuracy inieguadmputedr can be reasonably inferred to be narrower. Instudly case
as shown in Figs. 4 and 6, the variabilityA43f was narrower than the accuracy range as specifi€ii 2. In other words, the
actual accuracy is better.
However, under weather conditions unfavorabl&tmeasurements, such as dew, rain, snow, or dust dfiee accuracy ofs
550 measurements cannot be easily evaludtetheasurements also possibly have a systematicdireoto the fixed deviation in the
measurements of sonic path lengths for sonic anestars) although the error should be within the samuspecified in Fig. 2.
A Yo measurement can also be erroneous if the infranetlyzer is not periodically zeroed and spannedtfomeasurement
environment. Therefore, s is measured under unfavorable weather conditiodgtze sonic anemometer produces a systematic
Ts error, and if the infrared analyzer is not zer@edl spanned as instructed in its manual, then ¢haracy of equation-
555  computedT would be unpredictable. Normally, the actual aacyris better than that specified in Fig. 2. Aduitlly, with the
improvement in measurement accuracies of sonic ammters (e.g., weather condition-regulated, hea&dd sonic
anemometers, Mahan et al., 2021) and infrared aeedythis accuracy of equation-computeaould gradually become better.
For this study, filtering out thd&s data in the periods of unfavorable weather cowdaw the error range of equation-
computedT. The unfavorable weather was suspected of cotimiputo the stated error. However, although filigriout
560 unfavorable weather cases could create a lower estonate, most field experiments include periatien weather increases a

Ts error, so including a weather contribution to enmuld prevent overstating instrument accuracyeuntgipical (unfiltered)

applications. Therefore, bolly andy;.c data in this study were not programmatically onually filtered based on weather.

7.2 Spatial separation ofTfs and yx.0 in measurements

In this study,T was successfully computed frofaandy..o as a high-frequency signal (Fig. 5) with expeaeduracy as tested

565 in Figs. 2, 4, and 6, where both were measuredratgha from two sensors in a spatial separatiorm&open-path eddy-
covariance (OPEC) flux systems (e.g., CSAT3A+ECaB6 CSAT3B+LI7500) measuil andpy also from two sensors in a

spatial separation. To OPEC systems, althoughitheraperature equation (Eq. 23) is not applicattie,algorithms developed

in Section 5.3 to temporally synchronize and sgigtraatch Ts with ..o for computatiorof T are applicable for computation of

T from Ts andpw along withP in such OPEC systems (Swiatek, 2018).
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In Section 5.3, programming and computing are néddepair Ts measuredio y..o sampled at the same time into the

synchronization matrix (28) as the first step, &win the same eddy into matched matrix (29) assteond step. The second

requires complicated programming and much compufiiogtest the necessity of this step in specifisesausing Eq. (30T

was computed from a row of the synchronization imaénd 'I'Isi was computed from this matrix by laggiggo columns ugds
rows ifls> 0 and downld rows ifls < 0 wherdsis -5, ...... -1+, , +5. From the data of tHisdy, individualT, ; values

were different for different subscrifyf but their means for subscripbver an averaging intervef ) are the same to at least the
fourth digit after the decimal place. Further, h@ver spectum ol time series was compared to thosél oftime series,

wherel Z 0. Any pair of power spectra from the same periodrtap exactly (Figures omitted). Therefore, theosecstep of
lag maximization to matcis measuredo y..o sampled from the same eddy is not needed, if bolyrly mean and power

spectrum of equation-comput&dare of interest to computations, for both CPEC @REC systems.

7.3 Applications

The air temperature equation (23) is derived frarst forinciples without any assumption and appration. It is an exact
equation from whici can be computed in CPEC systems as a high-fregggeal insensitive to solar radiation. These iseri
in additional to its consistent representation @ht®l measurement and temporal synchronizatiodescaith other

thermodynamic variables for boundary-layer turbtiliows, will be particularly needed for advancedpbcations. The
EasyFlux series is one of the two most populad feddy-covariance flux software packages usedenatbrld, the other being
EddyPro (LI-COR Biosciences, 2015). Currently,astused equation-comput&dor pq in Eq. (1), sensible heat flux§, and

RH as a high-frequency signal in CPEC systems (®athgcientific Inc. 2018a).

7.3.1 Dry air density

As a high-frequency signal insensitive to solariatdn, equation-computed is more applicable than sensor-measureadr

calculations ofp, and p,w for advanced applications (Gu et al., 2012; Foéeal., 2012). In practice, equation-compuled

surely can be used fgo, and p,w under normal weather conditions while the sonicneoreeter and infrared analyzer are

normally running, which can be judged by their diagis codes (Campbell Scientific Inc., 2018a). Wraleveather condition
unfavorable toTs measurements, such as dew, rain, snow, and/oedetion-computed from weather condition-regulated,
heated 3-D sonic anemometers (Mahan et al., 20%1L)rdrared analyzers could be an alternative.

Currently, in C@ H,O, and trace gas flux measuremengdg,for flux calculations is estimated frofhand RH along wittP.
T and RH are measured mostly by a slow-respdrRél probe without fan-aspiration (e.g., HMP155A uzZét al. [2021]). As
shown in Fig. 6, equation-computédis better than probe-measur&dThe air moisture measured by an infrared analyzer
CPEC systems must be more accurate (Eq. 27 an@IBighan probe-measured air moisture. The betfeateon-computed

along with more accurate air moisture has no reasbto improve the estimation fgr, .

7.3.2 Sensible heat flux estimated from a CPEC sgsh
Currently, beyond the EasyFlux-DL-CR6CP serigsis derived fromT_w' with a humidity correction (van Dijk, 2002). The

correction equations were derived by Schotanud. gt1883) and van Dijk (2002) in two ways, but batlere derived with

approximation from Eq. (4) (see Appendix A). Usthg exact equation from this study, theoreticallycan be more accurately
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estimated directly fromT'w', whereT is the equation-computed air temperature, althougine studies and tests for this
potential application are needed. Without our eXaeguation, in any flux software, either Eq. (4)(6y must be used fad
computation. Both equations are approximate (seeeAgices A and B). Compared to either, our exauoa#on must be an
improvement on the mathematical representatio.df the equation for sensible heat flux is appnoaie, then even a perfect

measurement gives only an approximate value fofitixe

7.3.3 RH as a high-frequency signal

Conventionally, RH is measured using-&H probe, which is unable to track the high-fregmefluctuations of RH. In a CPEC
system, equation-computéld analyzer-measuregd.o, and transducer-measur@dare able to catch the fluctuations in these
variables at high frequency, from which RH can benputed (Sonntag, 1990; also see Appendix C). Weshod should
provide high-frequency RH, although verificatiorr fa frequency response is needed. Currently, thpdicagions of high-
frequency properties in this RH are unknown in aECPsystem. Regardless, equation-compufegrovides a potential

opportunity to acquire the high-frequency RH farapplication in the future.

8 Concluding remarks

In a CPEC flux system, the air temperatrure ¢f boundary-layer flows through the space of s@riemometer measurement
and infrared analyzer sampling (Fig. 1) is desfi@dhigh frequency (e.g., 10 Hz) with consisterngresentation of spatial and
temporal scales for moist turbulence thermodynartliegacterized by three-dimensional wind from theics anemometer and
H>O/C; and atmospheric pressure from the infrared analyfigh-frequencyT in the space can be measured using fine-wire
thermocouples, but this kind of thermocouples fachsan application is not durable under adverseatk conditions, being
easily contaminated by solar radiation (CampbéB9). Nevertheless, the measurements of sonic tetupe {Ts) and HO
inside a CPEC system are high-frequency signalstefare, high-frequency can be reasonably expected when computed from
Ts and HO-related variables. For this expectation, two équa (i.e., Egs. 4 and 5) are currently availabieboth equations,
converting HO-related variablesnto H,O mixing ratio analytically reveals the differenbetween the two equations. This
difference in CPEC systems reaches +0.18 K, brgngim uncertainty into the accuracyTfrom either equation and raising a
question of which equation is better. To clarife tmcertainty and answer this question, the aiptature equations in terms of
Ts and HO-related variables are thoroughly reviewed (Sesti® and 3; Appendices A and B). The two currenslgd equations
(i.e., Egs. 4 and 5) were developed and compleittd approximations (Appendices A and B). Becauséhefapproximations,
neither of their accuracies was evaluated, northvasgjuestion answered.

Using the first-principles equations, the air tenggre equation in terms @ andy..c (H:2O molar mixing ratio) is derived

without any assumption and approximation (Eq. &8refore, the equation derived in this study doms itself, have any error

and, as such, the accuracy in equation-comptitddpends solely on the measurement accuraci&s arfd y..o. Based on the

specifications fofTs and yu.0 in the CPEC300 series, the accuracy of equatiompatedT over theTs and yi.o measurement
ranges can be specified within +1.01(Kig. 2). This accuracy range is propagated mgtaly00 K) from the uncertainty ifs
measurements (Fig. 2a) and little (x0.02 K) from timcertainty iry..o measurements (Fig. 2b).

Under normal sensor and weather conditions, theifgge accuracy is verified based on field datavatid, and actual
accuracy is better (Figs. 4 and 6). Field dataaletmate that equation-comput@dunder unstable, near-neutral, and stable

atmospheric stratifications all have frequency oeses equivalent to high-frequentyup to 10 Hz at a 20-Hz measurement
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rate (Fig. 5), being insensitive to solar contartiorain measurements (Fig. 6).

The current applications of equation-computeith a CPEC system are to calculate dry air der{sidyfor the estimations of

CO; flux (p, y.,w » Whereye. is CQ; mixing ratio,w is vertical velocity of air, and prime indicatéetfluctuation of variable
away from its mean as indicated by overbagQHux (,ad)('HZOW'), and other fluxes. Combined with measuremenjg.of 3-D

wind speeds, and, the equation-computelican be applied to the estimation of andﬂv if needed (Gu et al., 2012; Foken
et al., 2012), to the computation of high-frequeRty (Sonntag, 1990), and to the derivation of d#adieat flux ) avoiding
the humidity correction as needed Fbindirectly fromTs (Schotanus et al., 1983; van Dijk, 2002).

In a CPEC flux system, althougdlh and y... are measured using two spatially separated sew$@snic anemometer and

infrared analyzerT was successfully computed from both measured basaas a high-frequency signal (Fig. 5) with an

expected accuracy (Figs. 2 and 4). Some open-platjr @variance (OPEC) flux systems measyand water vapor density

(pw) also from two sensors in a similar way. The alhans developed in Section 5.3 to temporally syoofme and spatially

matchTs with ..o for computatiorof T are applicable to such OPEC systems to compiitem Ts andpw along withP. ThisT
would be a better option than sensor-measiréad the systems for the correction of spectroscafiect in measuring CO
fluctuations at high frequencies (Helbig et al.1@0Wang et al., 2016). With the improvements orasneement technologies
for Ts and w0, particularly forTs, the T from our developed equation will become incredsingore accurate. Having its
accuracy combined with its high frequency, fhigith consistent representation of all other thedgm@amic variables for moist
air at the spatial and temporal scales in CPEC wneagents has its advanced merits in boundary-lagteorology and applied

meteorology.

Appendices

Appendix A. Derivation of Equation (4)

The sonic temperaturdd reported by a three-dimensional sonic anemonigtieternally calculated from its measurements of
the speed of sound in moist ai) &fter the crosswind correction (Zhou et al., 2018ing:

2
=%,
VaRy

where subscripd indicates dry airyq is the specific heat ratio of dry air between canspressure and constant volume, Bad

(al)

is gas constant for dry air (Campbell Scientific.|ln2018b). The speed of sound in the atmosphenmdary-layer as in a
homogeneous gaseous medium is well defined in ceyBarrett and Suomi, 1949), given by:
¢ =y~ (a2)
yo)
wherey is the counterpart gf for moist ait P is atmospheric pressure, gmés moist air density. These variables are related t
air temperature and air specific humidity (.e., the mass ratio of water vapor to moist air)
1. Moist air density (p)
Moist air density is the sum of dry air and wateper densities. Based on the ideal gas law (WaklaceHobbs, 2006), dry air

density pq) is given by:



P-e

= , (a3)
Py RT
whereeis water vapor pressure, and the water vapor defgsi} is given by:
e
=—, (a4)
P RT
675 whereR, is the gas constant for water vapor. Thereforéstair density in Eq. (a2) can be expressed as:
F) —
p= € + & . (ab)
RT RT

Because oRy/R, = ¢ (i.e., 0.622, the molar mass ratio between wapowand dry air), this equation can be rearrarged

- %{1— (1- s)%] (26)

Using Egs. (a4) and (a6), the air specific humidan be expressed as:

P e
680 = 7
. p P-(@Q-9e @7)

Because ofP >> (1-€)e, g can be approximated as:

e
=E&—. a8
q P (a8)
Substituting this relation into Eq. (a6) generates:
P ( 1-¢ j
=——1-—q|. (a9)
R, T £

685 2. Specific heat ratio of moist air(y)
The specific heat ratio of moist air is determilgctwo moist air properties: 1) the specific heata@stant pressur€g), and 2)
specific heat at constant volum@,). C, varies with the air moisture content between thecic heat of dry air at constant
pressure @pq) and the specific heat of water vapor at conspmassure Qo). It must be the average @4y and Cyy that is

arithmetically weighted by dry air mass and watgpar mass, respectively, given by (Stull, 1988):

— depd + prpw

690 C, (a10)
yo,
C, can be similarly determined:
Cv = Cvdpd + vapw , (all)
Yo

whereCy is the specific heat of dry air at constant volurmed C. is the specific heat of water vapor at constarntimve.
DenotingCpd/Cwt asyd, Egs. (210) and (all) are used to expyess
=&=yd (1=09) *+0Cp /Cp

C, (1-a)+aC,, /Cyq
3. Relation of sonic temperature to air temperature
Substituting Egs. (a9) and (al2) into Eq. (a2) $etad

695 y (a12)
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(1_ q) + qpr /C

P2y RT - (@13
[@-a)+qC,, / Cvd](l— q)
Using this equation to replacéin Eq. (al),Tsis expressed as:
1-q)+qC,, /C,
T.=T (1-a)+q . (al4)

S

[@-q)+qC,,/C, ](1- qj
Given Copw=1,952,Cpa =1,004,Cyw= 1,463, andCvs = 717 J K! kg! (Wallace and Hobbs, 2006); this equation becomes:

T, =T(1+ 0944223)[ 1 j( 1 ) : (al5)
1+1040446,/\1- 0.607717

Expression of the last two parenthesized term$énright side of this equation separately as Tagésies ofg (Burden and

Faires, 1993) by dropping, duede< 1, the second or higher terms related keads to:
T, = T(1+0944228)( + 104044f( 4 .0607H)7 (a16)

In the right side of this equation, the three ptresized terms can be expanded into a polynomiglaifthe third order. Also
due tog << 1 in this polynomial, the terms gfat the second or third order can be dropped. Eughithmetical manipulations

result in:
T, =T(1+051). (al7)

This is Eq. (4) in a different form. In its derii@is from Eqgs. (al) and (a2), three approximaticocedures were used from
Egs. (a7) to (a8), (al5) to (al6), and (al6) tdYaThe three approximations must bring unspeciéedrs into the derived

equation.

Appendix B. Derivation of Equation (5)

Equation (5) was sourced from Ishii (1932) in whikbl speed of sound in moist aj (vas expressed in his Eq. (1) as:

{23}

where all variables in this equation are for maiist y is the specific heat ratio of moist air betweemstant pressure and

constant volumeR is moist air pressurg, is moist air densityg is moist air expansion coefficient, afids moist air pressure

coefficient. Accordingly, the speed of sound in dity(cq) is given by:

<=l )3

where subscripd indicates dry air in whichg, Pq, pa, ad, andfq are the counterparts of P, p, a, andg in moist air. Equations

(b1) and (b2) can be combined as:

P 09
va/\Pyp)\ayB

Experimentally by Ishii (1932), each term inside three pairs of parentheses in this equation wwaarly related to the ratio of

water vapor pressure)(to dry air pressureP(). The relationship into Eq. (b3) leads to:
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-1
c? :c§[1+ QOOlGBEJ[ t o37se—j [ 10 0615;) (b4)
2 ; P

d
The three parenthesized terms in this equationsageientially corresponding to the three parentbdsterms in Eq. (b3).
Dividing y4Ry, whereRy is gas constant for dry air, over both sides of (B¢) and referencing Eq. (11), sonic temperafligeis

expressed in terms of air temperaturg €, andPq as:

-1
T, :T(1+ 0001633j( r 0378e—J ( 10 0615) (b5)
P, P P

d
Using the relationship d?q = P —e, this equation can be manipulated as:

P- o.99843j( P- 1378@) ‘1( P- .106]§j
P-e P-e P-e

TS:T[

_ (P—O.99849j( P- 10618)
=T (b6)
P-e P-1378&
_r1- 20592/ P+ 10596/ P)?
1-2378@/ P+ 1378/ P)?

Dropping the second order terms due/®<< 1 in boundary-layer flows, this equation beceme

-1
T,= T(l— 20597%)( 2 378%] . (b7)

Expanding the second parenthesized term into Taddes and, also due &P << 1, dropping the terms related & at an

order of second or higher, this equation becomes:
© &
T,=T|1-20597| ¥ 2378 . (b8)
P P
Further expanding the two parenthesized termsdanight side of this equation and dropping the sdaarder term o&/P led to:
e
T.= T(1+ 032;) : (b9)

This is Eq. (5) in a different form. From the expental source of Eq. (b4), it was derived usinge¢happroximations from
Egs. (b4) to (b7), (b7) to (b8), and (b8) to (bRe approximations, and therefarembined uncertainty if, bring unspecified
errors into Eq. (5) [i.e., Eqg. (b9)] as an equatoror.

Appendix C. Water vapor mixing ratio and sonic temgrature from relative humidity, air temperature, and atmospheric
pressure

For a given air temperaturé in °C) and atmospheric pressukeifl kPa), air has a limited capacity to hold watapor (Wallace
and Hobbs, 2006). This limited capacity is desatibeterms of saturation water vapor pressesen( kPa) for moist air, given

through the Clausius-Clapeyron equation (Sonnt8g0}t
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17.621
exp—— T=0
p(T+24312
e,(T,P)=06112f (P) : (c1)
22461
expe—m T<0
p(T+27262
where f(P) is an enhancement factor for moist air, being ancfion of atmospheric pressure:

f(P) =10016+ 31% 10 P- 0007&". Atrelative humidity (RHn %), the water vapor pressure,[, (T, p)] is:
exu (T, P) = RHe,(T,P). (c2)
Given the mole numbers of@ (Ng,) and dry air fs) at RH, the HO molar mixing ratio at RHXEZHO) is:

RH — Men _ Mky R (T + 27315 — €RH (T1 P)
/YH (0] = - « - ’ (03)
: ny ngR (T+27315 P,

whereR' is the universal gas constant d@hds dry air pressure. Using this equation and éetion:

P=P, +ex(T.P). (c4)

RH
X H,0 Can be expressed as:

(T, P)

RH —_ RAN "/ . (c5)
Ko P-eq(T.P)
RH
Using Eq. (23), thiszYHzo along withT can be used to calculate sonic temperaflieaf RH given by:
1+XRH 1+ gy XRH
Ts(Tv/\/E?o) = (T +27315 ( Hzo)( p Hzo) (c6)

[+ exih )1+ evoxis)
wheree = 0622 (Eq. 17), y, = 204045, and y, =194422(Eq. 23). Through Egs. (c1) and (c2), Egs. (c5) &c@)
expresg(ﬁ'z*o andTS (T1/YEZHO , respectively, in terms of, RH, andP. X,'j:'o andTS (T,X:jz'*o) can be used to replagg.o

(H20 molar mixing ratio) ands in Eq. (25). After replacements, Eq. (25) can beduto evaluate the uncertainty, dud{@and

X0 Measurement accuracy uncertainties, in air temyperabmputed from Eq. (23) for different RH valwe®r aT range.
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